The influence of oxygen on growth and cytochrome synthesis was investigated in four species of Propionibacterium. After anaerobic growth all species contained cytochrome b, cytochrome a or a,, cytochrome a, and a carbon monoxide-binding pigment. Cytochrome b functions in an electron transport system from lactate to fumarate since the lactate-fumarate dismutation reaction, unlike lactate oxidation via methylene blue, was strongly inhibited by 2-n-heptyl-4-hydroxyquinoline-N-oxide (HOQNO). No species grew on agar plates under aerobic conditions but all grew in aerated media, though at different rates and with diminished synthesis of all cytochromes. In Propionibacterium freudenreichii and P.
INTRODUCTION
Propionic acid bacteria produce propionate, acetate and carbon dioxide as major fermentation products from lactate and carbohydrates. Acetate and carbon dioxide are formed from pyruvate by pyruvate dehydrogenase, propionate is formed from pyruvate via methylmalonyl CoA (Allen, Kellermeyer, Stjernholm & Wood, 1964) . The lactate dehydrogenase of Propionibacteriumpentosaceum is not linked to NAD but can use fumarate and several redox dyes such as phenazine methosulphate and 2,6-dichlorophenol indophenol as a H-acceptor (Molinari & Lara, 1960) . The fumarate-lactate dismutation reaction has been previously described by Barker & Lipmann (1944) .
Although propionic acid bacteria are anaerobic, they are not very sensitive to oxygen and can grow in aerated media (Breed, Murray & Smith, 1957; Menon & Shemin, 1967) . Propionibacteriurn pentosaceum has a conventional citric acid cycle (Delwiche & Carson, 1953) and contains cytochromes a and b and cytochrome oxidase (Chaix & Fromageot, 1942) . The succinate dehydrogenase of this organism is functionally linked to cytochrome b (Lara, 1959) . We know of no further data on the aerobic metabolism of propionic acid bacteria.
The present paper deals with the function of cytochromes in propionic acid bacteria and with the influence of oxygen on their growth and metabolism.
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METHODS
Organisms and growth conditions,
The experiments were done with Proyionibacterium freudenreichii, P. rubrum, P. shermanii and P.pentosaceum obtainedfromIr. F.F. 5. Nieuwenhof (Nederlands Instituut voor Zuivelonderzoek, Ede, The Netherlands) and from Ir. J. van der Toorn (Technische Hogeschool, Delft, The Netherlands). They were maintained as stab cultures in the following basal medium with 1.5% agar (Oxoid). The basal medium contained (g/l distilled water) : tryptone (Oxoid), 5 ; yeast extract (Oxoid), 10; KHzP04, 0.5 ; MnSO,, 0.01; 70% sodium lactate solution, 15; pH 6-6. For some experiments sodium lactate was omitted from the medium. Cultures were grown at 30°C under pure nitrogen in McIntosh anaerobic jars.
For growth experiments cultures were grown in the Microferm Laboratory Fermenter (Model M F 102 or M F 107, New Brunswick Scientific Co., New Brunswick, New York, U.S.A.), sparged with nitrogen (I 1/1 medium/min) and agitated at roo rev./min. For aerobic cultures, an anaerobic culture was inoculated into fresh medium to an extinction (at 660 nm) of about 0.10 and then aerated with I 1 air/l medium/min and agitated at 300 rev./min. Control of pH was unnecessary as the pH did not change more than 0.1 unit during both anaerobic and aerobic growth (PH anaerobic culture 6.5; pH aerobic culture 6.7). Growth of cultures was followed turbidimetrically at 660 nm. Dry weights were measured by filtration on membrane filters as described previously (de Vries & Stouthamer, 1968) . In some experiments the dry weight was calculated from the extinction.
Determination of fermentation products, pyruvate, a-ketoglutarate and total polysaccharide. Propionate and succinate were measured by gas-liquid chromatography (g.1.c.) using a Varian gas chromatograph, series I 800 (Varian Aerograph, California, U.S.A.), fitted with a flame ionization detector and a 6 ft x Q inch stainless-steel column packed with 4 yo Reoplex 400 on acid-washed Chromosorb W (80/100 mesh). Reoplex 400 (polypropylene glycol adipate) was obtained from Applied Science Laboratories, Inc., State College, Pennsylvania, U.S.A., Chromosorb W from Johns Manville, New York, New York State, U.S.A. Conditions of chromatography were: He, as carrier gas, 30 ml/min; column oven temperature 145 "C. Succinate was measured as the methyl derivative prepared as described by Cat0 et al. (1970) . Propionate was measured by direct injection of culture supernatants into the column. Under the conditions mentioned propionate was completely separated from acetate. The propionate and succinate contents were deduced from the peak heights with the aid of a standard curve.
For acetate determination the enzymatic method of Rose, Grunberg-Manago, Korey:& Ochoa (I 954, which is based on the colorimetric determination of acetyl phosphate according to Lipmann & Tuttle (1945)~ was used in preference to g.1.c. analysis. Pyruvate was determined according to Friedemann & Haugen (1943) . a-Ketoglutarate was measured according to the method of Reekers (1964, based Cytochromes in propionic acid bacteria 5=7 difference spectra were recorded between 400 and 700 nm using an Aminco Chance recording spectrophotometer (American Instrument Co. Inc., Washington, U.S.A.) with a slide wire of full-scale deflexion 0.05, 0.1 or 0.2 extinction units. Cytochrome b was estimated as the extinction increment between the maximum at 562 nm and the minimum at 578 nm in the dithionite-reduced minus oxygen-oxidized difference spectrum and its amount calculated from = 17500 (Deeb & Hager, 1964) . Carbon monoxide difference spectra were measured by bubbling a dithionite-reduced sample with carbon monoxide for 2 min, and comparing this with a similarly reduced sample. In all cases corrections for small deviations in the base line were applied.
Determination of Yo (g dry wt bacterialg-atom of oxygen taken up). Cultures were grown anaerobically in the basal medium without added glucose or lactate. In this medium cultures grew to a maximal extinction of 0'43. Oxygen consumption in samples of the culture was followed for about 6 h in Warburg vessels. The increase of dry weight during aerobic growth was calculated from the extinctions of the culture before and after the Warburg experiment. Fermentation products were determined in the supernatant fluids.
Measurement of the lactate-fumarate dismutation reaction and lactate dehydrogenase. Bacteria, suspended in 0.067 M-phosphate buffer (pH 6.8), were disrupted with an ultrasonic disintegrator (60 W, 20 kHz; M.S.E. Ltd, London) for 10 min. The resulting material was centrifuged at 6000 g. Protein was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) using bovine serum albumin as a standard. The lactate-fumarate dismutation reaction was measured by the amount of pyruvate formed under nitrogen in an anaerobic vessel at 25OC. The assay mixture (10 ml) contained: phosphate buffer (pH 6-8), 40 mM; sodium fumarate, 10 mM; sodium DL-lactate, 25 mM; bacterial extract, 0.3 to 0.5 mg proteinlml assay mixture. After 10 and 20 min, 3-0 ml of the mixture was added to 0.75 ml 10 % (w/v) trichloroacetic acid. After centrifuging, pyruvate was determined in the supernatant fluid. Lactate dehydrogenase was measured manometrically (oxygen uptake) in a reaction mixture containing: phosphate buffer (pH 6*8), 50 mM; sodium DL-lactate, 50 mM; methylene blue, 1-3 mM; and bacterial extract, 0.4 mg proteinlml assay mixture. The centre well contained o-I ml 4~-K O H . Lactate-fumarate dismutase and lactate dehydrogenase were also measured in the presence of 0-1 mM 2-n-heptyl-4-hydroxyquinoline-N-oxide (HOQNO).
RESULTS
Oxidation of substrates by suspensions of Propionibacterium freudenreichii
pyruvate, acetate and succinate with specific activities ranging from 42 to 5 nmol OJmg dry wtlmin. Of 21 amino acids tested only alanine, cysteine and serine were oxidized with marked activity. In one experiment with lactate in a limiting amount, oxygen uptake and carbon dioxide evolution were followed until they equalled endogeneous rates. Oxygen uptake and carbon dioxide evolution were about 50 % of the amounts needed for complete combustion of lactate. No pyruvate, acetate, succinate, a-ketoglutarate or propionate were found in the supernatant fluid. These results indicated that part of the lactate was completely oxidized via the citric acid cycle and the remainder converted to storage products.
Influence of aeration on growth and cytochrome synthesis in propionic acid bacteria Propionibacterium freudenreichii grew aerobically much slower than anaerobically (Fig.  I a) . After anaerobic growth, cytochrome b (a-peak at 562 nm, P-peak at 532 nm, Soret peak at 430 nm), cytochrome a or a, (a-peak at 600 nm) and cytochrome a2 (a-peak at 625 nm) the whole period of growth (see Fig. I ). Bacterial dry wt calculated from culture densities.
With aerobic growth, calculated over first 16 h growth; with anaerobic growth, calculated over were present (Fig. 2) . A minimum at 460 nm in this spectrum indicates the presence of flavoproteins. After aerobic growth in liquid cultures all cytochromes were greatly diminished (Fig. 2) . The same was true for a carbon monoxide-binding pigment which had a peak at 421 nm in the carbon monoxide-difference spectra (Fig. 3) . The slight asymmetry of the main band in the latter spectrum may indicate that a small amount of cytochrome a, is present. During anaerobic growth of P. freudenreichii cytochrome synthesis parallelled cell growth ( Fig. I b) ; during aerobic growth cytochrome synthesis was much slower than during anaerobic growth. Aerobic cytochrome synthesis was less repressed as the extinction of the culture was higher (Fig. ~b ) . Propionibacterium shermanii, P. rubrum and P. pentosaceum also contained cytochrome b, cytochrome a (or aJ, cytochrome a2 and a carbon monoxide-binding pigment. In these species cytochrome synthesis was followed during anaerobic and aerobic growth as with P. freudenreichii ( Table I ). All four strains grew anaerobically with about the same rate ( Table I) . Aerobic growth of P. shermanii, like that of P. freudenreichii, was much slower than anaerobic growth and cytochrome synthesis was greatly diminished under aerobic conditions ; P. rubrum and P. pentosaceum grew aerobically somewhat faster than anaerobically and cytochrome synthesis was less inhibited by aeration than in P. freudenreichii and P. shermanii ( Table I) . None of the species grew on agar plates under aerobic conditions. Our data on the aerobic growth rate of propionic acid bacteria agree with those of Breed et al. (1957) on the sensitivity of propionic acid bacteria to oxygen.
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Bacteria often synthesize large amounts of intracellular polysaccharides under unfavourable growth conditions, and if this occurred during aerobic growth of Propionibacterium, the lowered cytochrome content, which was expressed on a dry weight basis, may be explained in this way. However, we found that the total polysaccharide content of Propionibacterium freudenreichii was the same after anaerobic and aerobic growth, namely I I %, the normal percentage for the cell wall polysaccharides (Gunsalus & Shuster, 1961) . Therefore, the lowered cytochrome content of aerobic cells must indeed be ascribed to inhibition of cytochrome synthesis by oxygen.
Energy generation under aerobic conditions
To elucidate how propionic acid bacteria get energy during aerobic growth in liquid cultures experiments were carried out in which anaerobic cultures were shifted to aerobic conditions. Fermentation products were determined before and after the shift (Fig. 4) . Immediately after the shift growth of Propionibacterium freudenreichii was somewhat faster than under anaerobic conditions (Fig. 4) . The same phenomenon can be observed in Fig. I (a) . Large amounts of pyruvate accumulated after the shift, whereas propionate formation ceased. Both before and after the shift only minor amounts of succinate were present (Fig. 4) . Experiments with other strains yielded similar results. The data indicate that the bacteria get no energy from substrate-level phosphorylation under aerobic conditions. For Propionibacterium freudenreichii the Yo value was determined in the basal medium with no glucose or lactate added. In this medium the culture grew anaerobically to an extinction of about 0.42. Apparently, at this point all fermentable compounds were exhausted from the medium. The culture was then shifted to aerobic conditions and oxygen uptake was followed. Again, the acetate, propionate and succinate contents of the culture were about the same before and after aerobic incubation ( w. DE VRIES, w. M. c. V A N WIJCK-KAPTEIJN A N D A. 
Cytochromes in propionic acid bacteria
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Function of cytochrome b in anaerobic electron transport from lactate to fumarate
The observation that addition of fumarate to lactate-reduced suspensions of Propionibacterium freudenreichii resulted in partial oxidation of cytochrome b and a, (Fig. 5) indicates a possible role of cytochrome b in the electron transport chain from lactate to fumarate. Therefore, the influence of HOQNO, an inhibitor of cytochrome b function, on the specific activity of lactate dehydrogenase in the presence of different H-acceptors was studied. Just as previously found for the lactate dehydrogenase of P. pentosaceum (Molinari & Lara, 1960) , the enzyme of P. freudenreichii did not react with NAD. However, a lactate dehydrogenase catalysing the reduction of fumarate and methylene blue was detected with specific activities of 72 nmol pyruvate formed/mg proteinlmin and 0.21 pmol 0, taken uplmg proteinlmin, respectively. With fumarate as a H-acceptor the enzyme was 85% inhibited by HOQNO. With methylene blue, which accepts H-equivalents from flavoproteins without intervention of cytochromes (Quastel, 1957) , inhibition was only 25 %.
DISCUSSION
Four Propionibacterium strains examined contained cytochrome b, cytochrome a or al, cytochrome a, and a carbon monoxide-binding pigment. Fumarate oxidized cytochrome b and a2 in Propionibacterium freudenreichii. Because the oxidation-reduction potential of cytochrome a, is presumably rather high, its oxidation by fumarate might be an indirect effect. Experiments with HOQNO, known as an inhibitor of cytochrome b function (Cox et al. 1970) , indicate that cytochrome b functions directly in anaerobic electron transport from lactate to fumarate. To our knowledge little attention has been paid to the presence and function of cytochromes in anaerobic fermentative bacteria. Cytochromes were found in Bacteroides ruminicola and B. meIaninogenicus after growth in the presence of haem, an essential growth factor. In these organisms, fumarate oxidized cytochrome b and cytochrome c respectively (White, Bryant & Caldwell, 1962; Rizza, Sinclair, White & Cuorant, 1968 ). The conclusion that cytochrome b functions in anaerobic electron transport to fumarate supports the suggestion of Bauchop & Elsden (1960) that oxidative phosphorylation occurs during reduction of fumarate to succinate in the fermentation pathway of propionic acid bacteria.
Our manometric experiments with Propionibacterium freudenreichii and those of Delwiche & Carson (1953) with P. pentosaceum indicate that a citric acid cycle is present in propionic acid bacteria. The presence of cytochromes and the citric acid cycle are typical of aerobic metabolism with energy generated by oxidative phosphorylation. Indeed, our growth experiments with propionic acid bacteria indicate that oxidative phosphorylation is the only way of getting energy during aerobic growth. From three manometric experiments a mean Yo value of 15 was calculated for P. freudenreichii. YATP values (g dry wt of bacterialmol of ATP) found for different micro-organisms vary from 8 to 20 (Forrest & Walker, 1971) . Therefore the PI0 ratio must be I to 2 for P. freudenreichii.
Cytochrome synthesis in propionic acid bacteria is impaired by oxygen. This also occurs in HaemophiIusparainJlueazae and Spirillum itersonii (Clark-Walker, Rittenberg & Lascelles, I 967 ; Sinclair & White, 1970). If A-amino-levulinic synthetase and A-amino-levulinic Cytochromes in propionic acid bacteria 523 dehydratase are repressed under aerobic conditions, as they are in Propionibacterium shermanii (Menon & Shemin, 1967) , then this would explain our observations. In Propionibacteriurn freudenreichii and P. shermanii, which grew more slowly in aerated cultures than P . pentosaceum and P . rubrum, cytochrome synthesis was more repressed indicating a higher sensitivity to oxygen. Preliminary experiments (unpublished results) indicate that growth and cytochrome synthesis in P. freudenreichii are more strongly inhibited when the aeration is increased. We suppose that cytochrome synthesis in propionic acid bacteria is completely inhibited at high oxygen tensions, to which they are exposed when they are incubated on agar plates in air. Then, the ability of oxidative phosphorylation is lost and growth stops after a few division cycles. This may explain the inability of propionic acid bacteria to form colonies on plates incubated under aerobic conditions. More information on the influence of oxygen on cytochrome synthesis in propionic acid bacteria from cultures grown under controlled oxygen tension is being sought.
